Hydrological monitoring and real-time access to data are valuable for hydrological research and water resources management. In the recent decades, rapid developments in digital technology, micro-electromechanical systems, low power micro-sensing technologies and improved industrial manufacturing processes have resulted in retrieving real-time data through Wireless Sensor Networks (WSNs) systems. In this study, a remotely operated low-cost and robust WSN system was developed to monitor and collect real-time hydrologic data from a small agricultural watershed in harsh weather conditions and upland rolling topography of Southern Ontario, Canada. The WSN system was assembled using off-the-shelf hardware components, and an open source operating system was used to minimize the cost. The developed system was rigorously tested in the laboratory and the field and found to be accurate and reliable for monitoring climatic and hydrologic parameters. The soil moisture and runoff data for 7 springs, 19 summer, and 19 fall season rainfall events over the period of more than two years were successfully collected in a small experimental agricultural watershed situated near Elora, Ontario, Canada. The developed WSN system can be readily extended for the purpose of most hydrological monitoring applications, although it was explicitly tailored for a project focused on mapping the Variable Source Areas (VSAs) in a small agricultural watershed.
Introduction
Long-term, high-quality climatic and hydrological data are essential for hydrological research and the implementation of effective water management strategies at both field and watershed scale. Monitoring and collecting long-term data from remotely located watersheds are time-consuming and expensive; due to the need for frequent visits to the sites for maintaining and monitoring the instruments and for data collection [1] . Though this approach involves a significant amount of time and resources; it is imperative and valuable. Currently, a number of data acquisition technologies are being used to obtain hydrological data. Accuracy, resolution, and scalability are some of the significant issues that need to be addressed in developing an efficient and robust hydrological monitoring system [2] [3] . In the earlier techniques, analog type network with cables and a number of sensors wired to data loggers were used for hydrological monitoring.
The need for cabling in the field increases costs and restricts the spatial size of the monitoring area [4] [5] , whereas the digital wireless networks can be deployed to collect long-term data at larger scale and resolution while maintaining robust and reliable network performance [6] [7] [8] .
In recent years, the rapid development of WSN technology has created new opportunities for sensing, computing, and communication in a wide range of applications in the field of science and engineering. WSNs integrate real-time sensing, computing, and communicating processes and provide an efficient and cost-effective observation technique, monitoring, gathering data, performing local computations and relaying the aggregated data capabilities [9] [10] .
WSNs comprise of few to several "nodes" (known as a Mote in North America) where each node is connected to one or more sensors [11] . Each sensor node has four key components: 1) the microprocessor & ADC (analog to digital converter), 2) transceiver & antenna, 3) memory unit, and 4) external sensors [12] .
The individual sensor node consists of a number of hard-wired sensors. Each node is wirelessly connected to other nodes, and finally to a central base station (Figure 1) . A digital WSNs comprised of spatially distributed nodes connected to sensors communicates bi-directionally to the central location [13] . As WSN does not require cables, they are cheaper and easier to install, in addition to requiring low maintenance. Flexibility, easy and rapid deployment, self-organization, high sensing reliability, and low-cost characteristics of WSNs make them a promising technology for various applications [14] [15] . can monitor a wide variety of conditions such as temperature, pressure, humidity, light, noise level, movement, speed direction and size of an object [18] [19] .
The widespread adoption of these devices, particularly for industrial applications, has made them extremely cost-effective [19] [20] . Sensor nodes can be used for different purposes, including event detection, continuous tracking, location sensing, etc. [21] [22] [23] . Currently, WSNs are extensively used in many real-world applications like security and surveillance, home and industrial automation, automobiles, medical applications, fire and pollution monitoring, flood forecasting, habitat monitoring, military applications, and hydrologic and environmental monitoring [24] [25] [26] . Recently, agriculture monitoring has attracted considerable research attention, and WSNs are emerging as a great aid in the field of precision agriculture to improve crop quality, productivity, and resource optimization. It is also widely used in greenhouses for monitoring and controlling humidity, temperature, moisture water flow, etc. [27] [28] .
Unlike other systems, WSNs are designed for specific requirements and applications [29] . The WSNs for environmental monitoring are specially designed to collect the data on an event-driven or time-driven basis according to environmental conditions and application requirements, i.e., when a specific environmental event occurs or at the particular time interval [30] . Details of importance, the accuracy of the data and the physical environment of deployment require careful consideration in designing the WSN system. The WSNs must be designed to withstand weather conditions, such as temperature, winds, rain, snow, and pressure or vibration [7] . Although WSN technology is continuously improving, no off-the-shelf solution exists yet for hydrological monitoring applications [31] .
The WSNs also have various resource constraints and challenges. Constraints include energy, bandwidth, memory, and processing capacity. Among them, energy consumption is of prime importance as each sensor node based on the WSN is the security attacks from the surrounding deployment area due to the broadcast nature of radio transmission. Due to the limited computing power of nodes, it is difficult to provide security and to protect the sensitive data from unauthorized access to WSN using public-key cryptography [35] . The climate and deployed environment also affect the efficiency in the WSN [36] .
This study aimed to develop a WSN system to monitor and collect the real-time hydrological and climatic data for the research study of mapping and modeling Variable Source Areas from a distantly located watershed. The specific objectives were to design and deploy a long-term, low-cost, and robust WSN system that can withstand harsh climatic conditions (extreme variation in temperature, high winds, rain, and snow) of humid and temperate climatic conditions such as Southern Ontario, Canada.
Materials and Methods

Design and Development of WSN
The design and development of the WSN took place over a four-year period from 2007 to 2011 [37] . During this period, a number of WSNs with different types of components were used, and designed systems were rigorously tested in lab and field conditions. Various design and deployment issues were identified and resolved during the development of the WSN.
The WSN development was conducted in three phases. In the first phase, a WSN system was designed using hardware from Texas Instruments (TI). The with three nodes was tested and evaluated in the laboratory and the field; however, it was observed that the system was consuming immense power. Moreover, the communication range of the nodes was limited, and the wireless communication was sensitive to metal fences and electrical power lines. These problems caused noise in temperature and pressure readings [38] [39].
In the second phase, the WSN system was modified to resolve the shortcomings encountered in phase 1. In the new version, the hardware components from
Crossbow ( was that the large size of the node board required a sizeable waterproof housing unit and an extended antenna which was challenging to maintain in the field [39] .
Taking these issues into consideration, the WSN system was further modified into the base and operating it as a part of the root node interface, giving the PC a data conduit of the radio-based sensor network.
Sensors
The pressure sensor used for the phase 3 WSN system shown in Figure 2 removes the soil type sensitivity of the sensor and thus, improves its ability to measure soil moisture in any soil.
Power Supply
The 
The Sturdiness of Node Assembly
Each wireless node was housed in a sturdy and watertight PVC housing (80 × 50 × 25 mm) to withstand harsh temperatures, winds, and rain in the field. Moisture absorption packages were also placed within the casing to prevent humid conditions and to ensure that moisture does not collect on the electronics. The node housing was attached to a 3.0 m long and 25 mm diameter PVC pipe. This pipe was connected to a 450 × 450 × 100 mm wooden pedestal. The wooden pedestal was secured in the field using four 29 cm long PVC plugs. A glow sign cone was attached on top of the node to protect the PVC housing from rain, snow and for providing prominent visibility (Figure 2(7) ). A pair of solar panels was attached to this cone. This modified node setup was found to be very sturdy and resistant to severe weather conditions. The overall node components, sensors, and node assembly in the field are shown in Figure  2 
Communication Connectivity
The nodes were elevated 3.0 m above ground level to increase communication connectivity so that the crop height and the depressed areas did not interfere with the line of sight connectivity between the nodes. Increased height of the nodes improved connectivity between the nodes and resulted in a decreased number of required nodes and reduced the overall cost of the WSN system. The hardware components were purchased directly from the distributors, and data acquisition boards for the IRIS Mote were designed and fabricated in the laboratory in order to increase the cost-effectiveness. The assembling of WSN components was carried out in the department workshop. A summary table listing the main characteristics of the three phases of WSN development is shown in 
Results and Discussion
Laboratory Calibration of Nodes
The calibration of soil moisture and pressure sensors was performed in the laboratory. Three sensors from a group of sensors were randomly selected for calibration. The soil from the experiment field was used to calibrate the soil moisture sensors. An oven dry soil with a bulk density similar to field conditions was packed into multiple containers. The soil was evenly packed in the containers, and the sensor was inserted into the container during the packing of the soil. The sensor reading was noted, and the volumetric water content (θv% by volume) of the soil sample was determined using the gravimetric method. Water was added to the container; the sensor reading was recorded, and water content was measured again. This procedure was repeated until the saturation of soil was achieved.
The data obtained from the sensor reading and soil water content were plotted as shown in Figure 3 
where θy is soil moisture content in% by volume and "x" is the sensor reading in mV.
Similarly, three pressure sensors were randomly selected for calibrating the depth of the water. Two flexible plastic tubes were attached to the pressure sensor. One tube was vented to the atmospheric pressure, and another was placed in a graduated glass cylinder. Water was gradually added to this graduated cylinder to increase the water level from 0.0 to 20 cm, and the corresponding sensor reading of differential pressure was recorded. The graph of sensor readings versus water height for calibration is shown in Figure 3 . The linear equation fitted to this graph is presented below in Equation (2), and it has a determination coefficient (R2) of 0.9891
where, H is the depth of water in mm and "x" stands for sensor reading in mV.
Field Testing of WSN
The field testing of the WSN's performance was carried out at three different lo- The comparison confirmed the accurate functioning of the WSN system during field deployment.
Field Data Collection
After successful testing of the WSN system, data collection from a small agricul- wet or dry periods. Since the relevant data was to be collected during rainy periods, the sampling interval was shortened remotely during the dry weather.
Furthermore, remote monitoring the system enabled to put the WSN in sleep mode during extended dry periods to conserve the battery power. This not only helped to conserve the battery life but also helped to avoid the accumulation of unnecessary data.
Soil moisture levels and runoff generated from eight sub-watersheds of the study area were monitored from September 2011 to July 2013, and data for 45 rainfall events were successfully collected. During the entire experimental period, WSN system worked efficiently, and no inconsistency was noticed in the performance of nodes due to variations in the climatic conditions. The readings of soil moisture sensors and pressure sensors were converted from mV to soil moisture percentage and water depth using calibration equations 1 and 2 respec- 
Summary and Conclusions
This study has provided an overview of the development of an integrated WSN system for monitoring the climatic and hydrologic parameters of a remotely lo- The advantage of this system was that it could be accessed from anywhere by any computer connected to the internet. Remote data collection and maintenance considerably reduced the need for site visits, which significantly reduced the monitoring cost. Although this WSN system was tailored explicitly for mapping the VSAs in a small agricultural watershed, it is flexible for use in a variety of contexts.
